M
any flowering plants have the potential to be world travelers via wind, ocean currents, and animals because their seeds are well adapted to surviving the vagaries of long-distance transport (Ridley 1930 , Smith 1999 . The role of humans as agents of plant dispersal has grown, especially in the last 500 years, making humans the most important vectors for long-distance transport of plants (Ridley 1930 , Heywood 1989 . With sustained exploration and colonization by Europeans and the rise of international trade, plant species have been carried accidentally and deliberately to locales that they had never before reached through natural agents (Mack and Lonsdale 2001) . Only humans could have transported scores of western European species to Australia, Argentina, and western North America, and vice versa, in less than 500 years (Mack 1989 , Fox 1990 ). The consequences of most such transferals have been nil. Even when the archival plant manifests of ships can be examined, they seldom can be traced to descendants of these plant immigrants (Crosby 1972 , Brockway 1979 .
The descendants of a few immigrants do, however, survive without cultivation, and these plants are the cause of much concern. Some, termed adventives, are merely temporary residents in a new range; they last only a few generations. A smaller group becomes so integrated in their new ranges that they ostensibly take on the behavior of native plants, that is, they become naturalized (Mack 1996) . A few naturalized species, termed invaders, are extraordinarily prominent in their new ranges. These species are so vigorous, fecund, persistent, and wide-ranging that they can cause enormous environmental and even economic damage in the new range (Vitousek et al. 1996) .
No matter the category of immigrants-adventives, naturalized species, or invaders-the answers to questions about their origin, emigration, immigration, and fate in the potential new range provide important fundamental and applied information. Delineating a plant invader's native range facilitates identification of the specific natural constraints to its persistence, including potential biocontrol agents (DeBach and Rosen 1991) . Ideally, biocontrol agents that attack all the plant's biotypes with virulence can be detected in the target species' native range (Burdon et al. 1981) . Quantitative comparisons between the descendants of immigrants and plants in the native range also provide a gauge of the rate and character of evolution that has affected both populations since immigration of the founders (Waddington 1965) . The consequences of founder effects, genetic drift, and different selection regimes may all be evaluated for organisms with known provenance (Brown and Marshall 1981 , Garcia et al. 1989 , Allard et al. 1993 .
Ideally, we seek a record of these answers as they unfold, in much the same way that an epidemiologist tracks a newly arrived parasite in a host population. For plant immigrants, our answers are both retrospective and fragmentary, however. Herbarium specimens-irrefutable records of a plant's occurrence, often at a precise date and location-are a traditional tool for addressing these questions (Stuckey 1980) . Historical records of the species in the new range, including contemporaneous botanical surveys, local floras, and plant nursery lists, are also valuable, especially when they are tied to contemporaneous herbarium specimens (Stuckey 1980 , Mack 1981 , 1991 . Fortunately for such retrospective investigations, many 19th-century biologists displayed a strong com-mitment to comprehensive plant collecting and careful observation (Mack 1988) .
For no introduced plant species, however, is there a combined collection and historical record extensive enough to build a detailed epidemiology of its immigration and fate in a new range. The widespread use of molecular techniques, including microsatellites, AFLP (amplified fragment-length polymorphism), and enzyme electrophoresis, provides retrospective information unobtainable in any other way (Avise 1994) . We employed allozymes detected with enzyme electrophoresis because the enzymes are inherited though codominance, as described by Murphy and colleagues (1990) . Thus, an unambiguous estimation of allele frequencies is achieved. Furthermore, the widespread use of allozymes in plant population genetics provides a much greater database for comparison than does any other technique (Allard et al. 1993 , Avise 1994 . As a result, we are able to identify genotypes unique among plants in only part of the species' native range. Finding those same genotypes in plants in a new range strongly earmarks their origin. Furthermore, finding mixtures of novel genotypes in a new range implies that these plants are the descendants of multiple introductions, either multiple introductions in that range or in intermediate locales along the immigration route, or both (Burdon and Brown 1986 , Allard et al. 1993 . Thus, allozymes coupled with herbarium and other historical records allow detection of much of the species' history since emigration (Avise 1994) .
We have employed herbarium specimens, historical records and molecular techniques in reconstructing the introduction and spread of Bromus tectorum L. (or Anisantha tectorum [L.] Nevski [Stace 1997]) (Figure 1 ) into North America and other portions of the grass's naturalized ranges (Novak et al. 1991 . We summarize in this article a portion of our findings from this ongoing effort.
Tracing the spread of Bromus tectorum:

Historical evidence
Temperate grasslands in Australia, South America, and western North America (the Central Valley of California and the Intermountain West) have been much altered by biological invasions. Within western North America, invasive plant species include many annual grasses from Europe and perennial dicots from Africa, Eurasia, and South America (Mooney et al. 1986 , Mack 1989 . Among all these introduced species, Bromus tectorum (cheatgrass) is the quintessential invader; it is prominent and is usually the dominant plant across at least 200,000 km 2 in the Intermountain West (Mack 1989) . In addition, this annual, diploid, predominantly self-pollinating grass has a vast extratropical distribution that includes ranges far removed from western North America (Upadhyaya et al. 1986 ). Its native range encompasses much of Europe, the arid northern rim of Africa, and southwest Asia. Outlier populations occur in Tibet, Kashmir, and southern Pakistan (Pierson and Mack 1990) . In North America, B. tectorum is not restricted to western grasslands; it occurs to widely varying degrees throughout the conterminous United States, except Florida (Hitchcock and Chase 1971) and in Alaska and much of southern Canada (Upadhyaya et al. 1986 ). It has also been introduced to Australia, Hawaii, Japan, New Zealand, temperate South America (Upadhyaya et al. 1986) , and Britain (Stace 1997) . Unlike many other invaders (Mack and Lonsdale 2001) , it was most likely introduced accidentally into North America from Eurasia as a contaminant of grain seed and packing material, although it was occasionally spread within the United States as a forage grass (Mack 1981) .
First report of Bromus tectorum in North America came around 1790 in Lancaster County, Pennsylvania (Muhlenberg 1793) . This intriguing early report cannot be verified, however, and the grass's subsequent collection history in eastern and central North America is sketchy and problematic. The first record of the grass in a US flora appears to be by Wood (1863) , who mentions also that the species is synonymous with "Bromus sterilis Torr." Torrey (1843) (Mack 1981) . A specimen was collected by E. Palmer (collection no. 99, on deposit at the New York Botanical Garden) even earlier, however, on Guadalupe Island, west of Baja California, in 1875. By 1900 B. tectorum had been collected at several locales throughout the Intermountain West (Table 1) . This collection history in the West suggests that the grass was introduced almost simultaneously at several widely separated sites. Subsequent range expansion was exceptionally rapid: From a few isolated pre-1900 locales, the grass occupied its new range in the Intermountain West in about 40 years. By the 1930s it had apparently reached the limits of its western US range; range expansion occurred apparently through the coalescence of once isolated foci (Mack 1981) . Such rapid range expansion was likely facilitated by human-mediated agents: discarded packing material (Dewey 1897) , livestock bedstraw discharged along railroad sidings, adulterated and contaminated grain seed, transported livestock, and even the occasional deliberate local sowing of the grass as forage (Mack 1981) .
Tracing the spread of Bromus tectorum: Allozyme evidence
We have employed enzyme electrophoresis to verify and amplify the historical record of the immigration and spread of Bromus tectorum in North America and its other naturalized ranges. Recognizing that the scope and detail of any such reconstruction corresponds directly with the geographical scope, the number of populations, and the number of individuals sampled in each population, we have attempted to sample comprehensively. Our analysis stems from 164 populations (5513 individuals) collected from the species' native range in Eurasia and northern Africa, and introduced ranges in Argentina, the Canary Islands, Chile, Hawaii, New Zealand, and North America (Table 2) . Within the native range we have employed 38 European, one Moroccan, and 12 southwest Asian populations (1726 individuals) .
Our analysis of the grass in North America is based on 94 populations (3254 individuals) occurring in four geographic regions: 48 populations in the United States east of the Rocky Mountains, including 34 occurring along the US eastern seaboard; 14 populations in Nevada-California; 22 populations in the Intermountain West; and 10 populations in British Columbia. These geographical delineations were based on allozyme evidence of major regional differences. In a preliminary assessment of the worldwide introduction history of B. tectorum, we also analyzed 19 populations (533 individuals) from many of the species' other naturalized ranges: four populations each from the Canary Islands, New Zealand, and Hawaii; five populations from Argentina; and two populations from Chile.
All plants in our study were analyzed using enzyme electrophoresis, following the methods of Soltis et al. (1983) , with modifications described by Novak et al. (1991) . We stained for the same 15 enzymes in all our work, and the genetic basis of all observed allozyme variation was readily inferred. These 15 enzymes are coded by 25 putative genetic loci. As a result, we have used 25 loci to determine allelic diversity in each individual of B. tectorum included in the analysis summarized here.
Source populations
Tentative source-recipient relationships for B. tectorum have emerged, based on combining the molecular and historical evidence ( Subsequent analysis of the distribution of multilocus genotypes has modified our interpretations. It now appears that source populations for the introduction of B. tectorum in North America and its other naturalized ranges were drawn exclusively from Europe, either from populations in the western Mediterranean or central Europe (Table 3) . Most marker genotypes from the native range fortuitously possess a restricted geographical distribution (Table 3) , that is, they occur primarily in only one or two of the populations we have sampled. For instance, Got-3b and Got-4d were each detected in only one native range population (Touna Station, Morocco, and Vienna-Landstrasse, Austria, respectively). The multilocus genotype characterized by the allele Got-4c was detected in only two central European populations (Bayreuth, Germany, and Libochovice, Czech Republic), yet this genotype is widespread throughout the introduced range of B. tectorum (see below). Likewise, Pgm-1a and Pgm-2a were detected in only two central European populations (Vac, Hungary, and Bratislava, Slovakia). Although Pgi-2b is the most widespread marker genotype in the native range, it is nonetheless restricted to the western Mediterranean (France, Spain, and Morocco).
Anomalies arise, however, in identifying source regions for some introduced genotypes. The multilocus genotype characterized by Mdh-2b and Mdh-3b was detected in eight populations in North America. These alleles were found in two Afghanistan populations, but the specific genotype discovered in North America has not been detected anywhere in the native range (Table 3) . Afghanistan is unlikely to have been the direct source for any North American populations, although these genotypes could have been transported to Western Europe and subsequently to North America. Our inability to detect the source in the native range of the specific Mdh-2b and Mdh-3b multilocus genotype illustrates an inevitable limitation in tracing all emigrations drawn from such a huge native range.
Introduction and spread in new ranges
The geographical pattern of marker genotypes for B. tectorum in its introduced range supports conclusions drawn from historical evidence that the invasion of this grass in western North America arose from multiple introductions (Mack 1981) . Genotypes detected in several widely separated native populations (Table 3) were also present near three of six early collection locales in the West (Table 1) : Spences Bridge, British Columbia (Pgm-1a and Pgm-2a); Ritzville, Washington (Mdh2b and Mdh-3b); and Provo, Utah (Got-4d). Additional evidence for separate introductions has been found among four other populations: Reno, Nevada (Pgi-2b); Emigrant Pass, Nevada (Mdh-2b and Mdh-3b); Kuna, Idaho (Pgi-2b); and Dubois, Idaho (Got-4d). In total, our data indicate a minimum of seven independent introductions of B. tectorum into western North America. Any additional introductions that may have occurred in this region, however, would remain undetected by this technique if the immigrants' descendants lack a distinct allozyme marker. At least two alternative introduction scenarios explain the presence of Pgi-2b in populations near Reno, Nevada, and Kuna, Idaho. These populations may be the descendants of separate introductions from either a common source or different sources from the western Mediterranean (Table  3) . Alternatively, a single founder population with Pgi-2b may have arrived at one locale and subsequently spread. These same introduction scenarios may explain the presence of Got-4d in populations from Provo, Utah, and Dubois, Idaho (Table 3) . The source population for Got-4d apparently occurred in central Europe; this genotype has been detected in only one population in central Europe (Vienna, Austria) (Table 3) .
Our initial analysis of B. tectorum east of the Rocky Mountains was based on only 14 widely separated populations (Novak et al. 1991 (Meinig 1968 , Porter 1991 . Transoceanic transport and introduction of the grass in the 19th century cannot, however, be dismissed, as ship commerce was well established both from eastern North America and Europe to western US and Canadian ports (Meinig 1968 , Mack 1981 .
Our allozyme data indicate that the introduction and subsequent spread of this grass probably occurred through a concatenation of events, including separate introductions into eastern and western North America and westward transport across the continent. For instance, populations with the Pgm-1a and Pgm-2a marker genotype have been detected in 13 populations; their locales span North America (Table 3 ; Figure 2 ), suggesting that this genotype may have been introduced in the East and then spread westward. Alternatively, eastern and western North American populations with this genotype may be derived from separate introductions. Similar alternative scenarios apply to the introduction and spread of populations with the Mdh-2b and Mdh-3b genotypes, although no populations with these genotypes have been detected in the central United States (Table 3) .
Other unique marker genotypes have been found only in western North American populations (Table 3 ), suggesting that these populations stem from direct introductions from the native range. For instance, 46 of 48 populations east of the Rocky Mountains are fixed for the allele Got-4b, whereas Got-4c occurs widely among the populations in western North America (Figure 3) . In western North America, 36 of 46 populations are polymorphic at Got-4; they possess both the b and c alleles. Six of 46 populations are fixed for Got-4c. Similarly, populations with the Got-4d and Pgi-2b genotypes were detected only in western North America (Table 3) . Although our data indicate that both eastern and western North America experienced unrelated introduction events, the introduction history among western populations appears to have involved more immigration events, which in turn led to a mosaic of genotypes among the region's populations.
To begin assessing the pattern of introduction and spread of B. tectorum worldwide, we analyzed populations from other naturalized ranges: Argentina, the Canary Islands, Chile, Hawaii, and New Zealand. The distribution of marker genotypes in populations from these regions suggests introduction patterns similar to those in North America. For example, the Pgi-2b multilocus genotype occurs in all four populations from the Canary Islands and in both populations examined from Chile (Table 3) . This genotype was also found in eight pop- ulations from France, Spain, and Morocco. This correspondence is probably more than coincidental, given the historical prominence of Spanish settlers, their livestock, and commerce in the Canary Islands and Chile (Fernandez-Armesto 1982 , Fox 1990 .
Despite the prominence of Spanish colonization in Argentina, the Pgi-2b genotype was not detected in any of the five Argentinean populations. We did, however, detect the Pgm-1a and Pgm-2a genotype in three of five populations and the Got-4c genotype in two of five populations from Argentina (Table 3) . Thus, different marker genotypes occur in Argentina and Chile, a pattern that probably occurred through separate introductions of different genotypes into these South American countries. The Got-4c multilocus genotype occurs frequently in populations worldwide; we have detected it in Argentinean, Hawaiian, and New Zealand populations and, as indicated above, it is widespread in western North America (Table 3) .
The distribution of multilocus genotypes in the Canary Islands suggests that multiple introductions from populations in Europe and North Africa account for the establishment of B. tectorum within this island group (Figure 4) . All 10 populations in Spain and France contained four multilocus genotypes, and six multilocus genotypes were detected in a single population from Morocco. Among four populations in the Canary Islands, we detected three multilocus genotypes. Based on our results for 51 native populations, it appears that one multilocus genotype, labeled 9 in Figure 4 , in the Canary Islands' populations could have occurred only through its introduction from Morocco-a likely scenario, given the proximity of the Canary Islands to the Moroccan coast. In contrast, the presence of multilocus genotype 2 may have occurred through single or multisource introductions from Morocco, Spain, or France. The presence of genotype 1 in the Canary Islands could only have occurred through introduction from a European population. Given the proximity of the Canary Islands to both Europe and Northern Africa and its historical importance as a point of departure for transoceanic voyages (Fernandez-Armesto 1982) , it is not surprising that its B. tectorum populations stem from multiple origins.
Global pattern of introduction
The emerging worldwide pattern of B. tectorum immigration is mirrored in the global distribution of three multilocus genotypes characterized by . Among 51 native populations, the Got-4c genotype was detected in populations at only two localities in central Europe (Table 3) . Within the introduced range of B. tectorum, however, this genotype was found in 42 populations in western North America and two each in Argentina, Hawaii, and New Zealand ( Figure 5 ). Although the Got-4c genotype appears to have a limited distribution in the grass's native range, it occurs among widely separated introduced ranges. The Pgi-2b multilocus genotype was found in eight populations in France, Spain, and Morocco (Table 3) . This same genotype appears in populations in three widely separated regions of Spanish colonization: the Canary Islands, Chile, and western North America (Figure 6 ). Within western North America, this genotype was detected in three populations in Nevada and in single populations in California and Idaho.
The Pgm-1a and Pgm-2a genotype, with its abovementioned limited native range distribution, was detected in 13 populations from North America and in three of five populations from Argentina (Table 3; Figure 7 ). The Pgm-1a and Pgm-2a genotype may have been introduced directly from Europe to eastern and western North America, or it may have been introduced into the East and then spread westward. Introductions of the species into Argentina appear to have been drawn from central Europe, that is, we detected both the Got-4c and Pgm-1a and Pgm-2a genotypes here, but not Pgi2b, the characteristic western Mediterranean genotype. The five Argentinean populations we have analyzed were all collected from the province of Chubut, probably an insufficient sample to assess genetic diversity in Argentina. Furthermore, these results point to the potential influence of subsequent waves of human immigration from central and eastern Europe (Crosby 1986 , Mack 1989 in the introduction of B. tectorum to Argentina.
Conclusions
Our ongoing attempt to reconstruct the worldwide spread of B. tectorum has been facilitated by four factors: the existence of reliable historical accounts and herbarium specimens; preservation of genotypes by the persistence of large populations following immigration; high levels of inbreeding that minimize genetic recombination; and surprisingly low interregional migration rates, which minimize the likelihood of postimmigration mixing of genotypes stemming from separate introductions.
As a result, our data allow an initial assessment of the genetic consequences of the repeated introduction of B. tectorum in widely separated new ranges. Throughout its naturalized ranges, this species has repeatedly experienced an overall reduction in genetic variation, the probable result of population bottlenecks upon its introduction. In contrast, we have detected higher levels of genetic variation within naturalized populations than within native populations, probably a consequence of multiple introductions . Our data also provide some indication of the generation of novel recombinant genotypes in a few isolated locations in the naturalized ranges of B. tectorum.
Some consistent patterns have also emerged concerning the grass's worldwide spread. Source populations for all of the genetic markers detected throughout the introduced ranges appear to have been drawn from either the western Mediterranean region or central Europe. Our results indicate that multiple introductions have occurred in North America and other naturalized ranges. Furthermore, it appears that some of the grass's entry into western North America occurred directly from Europe, although the data also suggest that B. tectorum may have spread westward across the continent as well. Our findings indicate that the circumstances in the introduction of this grass worldwide were broadly similar and were closely tied to patterns of European human emigration and immigration.
Although we have assembled a comparatively large array of allozyme data for one species, the grass's immense worldwide distribution still renders our conclusions subject to future revision. Most apparent is the need to sample more thoroughly the native range, especially in Western Europe. In all likelihood, all founders for B. tectorum in North America and other former European colonies (e.g., Argentina, Chile, New Zealand) stem from Europe; our ability to detect these sources and decipher the relative roles of their plant immi- grants will be in direct proportion to the scope and density of the populations analyzed. Particularly intriguing will be identification of the source of immigrants that arrived in locales where B. tectorum is either so far only adventive (the Canadian Yukon) (Code 1966); or, as we have observed, infrequent (Central Valley of California); or persists only in localized populations (New South Wales).
Unknown is whether these populations were drawn from physical environments radic ally different from the environments in the potential new ranges. Such answers have direct bearing on the extent to which invasive species, such as B. tectorum, owe their proliferation in new ranges to the chance arrival of genotypes well adapted to a new range or to the widespread possession of broad-scale phenotypic plasticity, or both.
Even within North America, major questions about the spread of B. tectorum remain; these can be resolved only through further field collecting and subsequent analyses of molecular data. With further sampling, it may be possible to resolve the number (if not the era) of separate entries of the grass along the eastern North American seaboard. For instance, we do not know whether populations in eastern Canada, including the Maritime Provinces (Upadhyaya et al. 1986 ), sprang from separate transoceanic introductions or whether the coastal Canadian and US populations share immigrant ancestors. Most important, we have only a fragmentary understanding of any genetic relationship between the eastern and western North American populations and those in the vast continental interior. This information is essential for tracing the overland routes of the grass and pathways of postimmigration evolution (Garcia et al. 1989 , Allard et al. 1993 . Regardless of the outcome, future investigations should benefit from multiple lines of independent evidence, employing historical records and the molecular analysis of both living plants and herbarium material. 
